The plant hormone auxin promotes cell expansion. Forty years ago, the acid growth theory was proposed, whereby auxin promotes proton efflux to acidify the apoplast and facilitate the uptake of solutes and water to drive plant cell expansion. However, the underlying molecular and genetic bases of this process remain unclear. We have previously shown that the SAUR19-24 subfamily of auxin-induced SMALL AUXIN UP-RNA (SAUR) genes promotes cell expansion. Here, we demonstrate that SAUR proteins provide a mechanistic link between auxin and plasma membrane H + -ATPases
INTRODUCTION
The phytohormone auxin regulates plant growth and development by controlling the fundamental processes of cell division, expansion, and differentiation. While substantial progress has been made regarding the signaling mechanisms underlying auxin-regulated gene expression (Chapman and Estelle, 2009) , the mechanisms by which these changes in expression direct specific physiological and developmental outputs are less clear.
SMALL AUXIN UP-RNA (SAUR) genes comprise the largest family of auxin-induced genes, with 79 members in Arabidopsis thaliana (Hagen and Guilfoyle, 2002) . Recent studies of the SAUR19 and SAUR63 subfamilies have implicated these SAURs as positive effectors of cell expansion (Franklin et al., 2011; Chae et al., 2012; Spartz et al., 2012) . SAUR19 family proteins are highly unstable. However, the addition of an N-terminal green fluorescent protein (GFP) or StrepII epitope tag increases SAUR19 stability and confers numerous phenotypes indicative of increased and/or unregulated cell expansion, including increased hypocotyl and leaf size, altered tropic responses, and defects in apical hook maintenance (Spartz et al., 2012) . Likewise, SAUR63 fusion proteins confer several cell expansion phenotypes, including increases in hypocotyl, petal, and stamen length (Chae et al., 2012) .
These findings, together with the observation that these SAUR proteins associate with the plasma membrane (Chae et al., 2012; Spartz et al., 2012) , prompted us to examine the possibility that SAURs promote cell expansion by regulating plasma membrane (PM) H + -ATPases. PM H + -ATPases have long been hypothesized to promote auxin-mediated cell expansion via an acid growth mechanism (Rayle and Cleland, 1970; Cleland, 1980, 1992; Hager, 2003) . In this model, auxin activates PM H + -ATPases to lower apoplastic pH, thereby activating expansins and other cell wall-modifying proteins. The increase in PM H + -ATPase activity also results in plasma membrane hyperpolarization, leading to solute uptake, which in turn promotes water uptake to provide the turgor pressure to drive cell expansion. Arabidopsis contains 11 genes encoding PM H + -ATPases (AHA1-11; Baxter et al., 2003) . By far, AHA1 and AHA2 encode the two most highly expressed isoforms (Baxter et al., 2003; Haruta et al., 2010) . Recent molecular evidence provides important support for the acid growth model, as auxin was found to rapidly activate Arabidopsis PM H + -ATPases by promoting phosphorylation of the penultimate threonine residue (corresponding to Thr-947 of AHA2) within the C-terminal autoinhibitory domain (Takahashi et al., 2012) . Phosphorylation of this residue coincides with 14-3-3 protein binding and activation of the pump (Fuglsang et al., 1999; Kinoshita and Shimazaki, 1999; Jelich-Ottmann et al., 2001) . Additionally, tobacco (Nicotiana tabacum) plants engineered to express a constitutively active PM H + -ATPase derivative lacking the C-terminal inhibitory domain exhibit several phenotypes indicative of increased cell expansion (Gévaudant et al., 2007) . In contrast to the effects of auxin, Hayashi et al. (2014) recently reported that abscisic acid-mediated inhibition of hypocotyl elongation correlates with a reduction in Thr-947 phosphorylation. Together, these findings strongly indicate that the C-terminal autoinhibitory domain of PM H + -ATPases plays an important role in controlling plant cell expansion.
A major gap in the acid growth model is the mechanism by which auxin actually promotes H + -ATPase phosphorylation or otherwise activates the pump. In part, auxin may increase PM H + -ATPase activity by regulating gene expression, as auxin promotes expression of at least one major PM H + -ATPase isoform in maize (Zea mays; Frías et al., 1996) . However, auxinmediated activation of PM H + -ATPase gene expression has not been demonstrated in Arabidopsis or other dicots. A second possible mechanism of auxin action is the inhibition of PM H + -ATPase endocytosis (Paciorek et al., 2005; Robert et al., 2010) . In this study, we elucidate a mechanism by which auxin-induced SAUR genes activate PM H + -ATPases by promoting Thr-947 phosphorylation. We demonstrate that SAUR proteins inhibit the activity of a family of type 2C protein phosphatases (PP2Cs), which in turn modulate PM H + -ATPase phosphorylation status to regulate cell expansion.
RESULTS

SAUR19 Overexpression Confers Increased PM H + -ATPase Activity
To examine whether SAUR proteins might play a role in PM H + -ATPase activation, we compared plants overexpressing stabilized SAUR19 fusion proteins (35S:GFP-SAUR19 and 35S: StrepII-SAUR19; Spartz et al., 2012) to OPEN STOMATA2 (ost2-2) plants, which contain a constitutively active allele of the PM H + -ATPase encoded by AHA1 (Merlot et al., 2007) . The membrane hyperpolarization conferred by ost2-2 prevents stomatal closure, resulting in drought hypersensitivity. ost2 mutants also constitutively express pathogen defense genes (Merlot et al., 2007) . Similar phenotypes are elicited by fusicoccin (FC), a fungal wilting toxin that binds to and activates PM H + -ATPases (Marre, 1979; Singh and Roberts, 2004) . Plants overexpressing GFP-or StrepII-SAUR19 fusion proteins displayed all of these phenotypes. Expression of PATHOGENESIS RELATED PRO-TEIN1 and the DEFENSIN PDF1.2 were significantly upregulated in GFP-SAUR19 seedlings ( Figure 1A) . Likewise, SAUR19-overexpressing plants displayed enhanced water loss in leaf detachment assays ( Figure 1B) , wilted faster than wild-type controls upon cessation of watering, and exhibited delayed stomatal closure (Supplemental Figures 1A and 1B) . Also, like ost2 mutants and consistent with increased proton pump activity, overexpression of SAUR19 fusion proteins resulted in increased media acidification ( Figure 1C ). As these findings suggested that the increased cell expansion phenotypes of SAUR19 overexpression plants may be the result of elevated PM H + -ATPase activity, we measured the apoplastic pH of rosette leaves. Consistent with this possibility, apoplastic pH was significantly diminished in both GFP-SAUR19 and StrepII-SAUR19 leaves ( Figure 1D ). Lastly, we found that like these SAUR19 transgenic lines, ost2 seedlings exhibited previously undescribed increases in hypocotyl length, cotyledon size, and reduced apical hook maintenance compared with wild-type controls (Supplemental Figures 1C and 1D) . Thus, SAUR19 gain-of-function plants exhibit remarkable phenotypic similarity to the constitutively active ost2-2 PM H + -ATPase mutant.
We conducted similar comparisons to loss-of-function PM H + -ATPase mutants. AHA1 and AHA2 encode the two most abundant PM H + -ATPase isoforms (Haruta et al., 2010) . While aha1 aha2 double mutants display embryo lethality, single mutants exhibit modest phenotypes consistent with a reduced proton motive force, including impaired root growth on alkaline pH and mild resistance to alkali metals, other toxic cations, and aminoglucoside antibiotics (Haruta et al., 2010; Haruta and Sussman, 2012) . In contrast, SAUR19 overexpression plants exhibit opposite phenotypes in these assays. For example, SAUR19 overexpression conferred hypersensitivity to LiCl, arginine, and gentamicin (Figures 1E; Supplemental Figures 1E and 1F) . Of these compounds, LiCl had the most dramatic effect, not only inhibiting root growth of SAUR19 transgenic seedlings to a much greater extent than the wild type, but also causing increased leaf chlorosis. To determine if SAUR19 overexpression phenotypes require normal H + pump function, we crossed the StrepII-SAUR19 transgene into the aha2-4 mutant background. The long hypocotyl, LiCl hypersensitivity, and several additional phenotypes conferred by StrepII-SAUR19 were significantly attenuated by the aha2-4 mutation ( Figures 1F and 1G) , demonstrating that the phenotypes conferred by SAUR19 overexpression require PM H + -ATPases.
The above findings suggest that SAUR19 activates PM H + -ATPases. PM H + -ATPase activation requires phosphorylation of the penultimate amino acid (Thr-947 in AHA2) of the C-terminal autoinhibitory domain and subsequent binding of a 14-3-3 protein to this phosphosite (Fuglsang et al., 1999) . Recently, auxin treatment of hypocotyl segments was found to increase Thr-947 phosphorylation and 14-3-3 binding (Takahashi et al., 2012) . We examined Thr-947 phosphorylation status in SAUR19 overexpression lines utilizing a GST-14-3-3 far-western gel blotting assay that has been widely used to assess H + pump activation (Fuglsang et al., 1999; Kinoshita and Shimazaki, 2001; Hayashi et al., 2010) . To validate the efficacy of this assay in our hands, we first examined GST-14-3-3 binding to blots containing plasma membrane fractions prepared from mock-or FC-treated wild-type seedlings, as well as plasma membrane fractions subjected to an in vitro dephosphorylation treatment (Hayashi et al., 2010) . A single predominant a-GST reactive band was detected at the predicted 105 kD mass of AHA proteins ( Figure 1H , left). As previously reported (Hayashi et al., (A) Quantitative RT-PCR analysis of PR-1 and PDF1.2 expression in 7-d-old Col and GFP-SAUR19 (GFP-S19) seedlings. Error bars depict SD obtained from three biological replicates. (B) Kinetics of water loss in leaf detachment assays. Data points depict mean weights of 10 leaves/genotype 6 SD. All genotypes exhibit significant differences from Col at all time points (P # 0.05). (C) Twelve-day-old seedlings were transferred to plates containing the pH indicator dye bromocreol purple. Color changes were recorded after 8 h. (D) Leaf apoplastic pH; mean (n = 3) 6 SD. Asterisks indicate significant difference from Col control by one-way ANOVA (**P < 0.01; *P < 0.05). (E) Col and GFP-SAUR19 seedlings were transferred to media containing 10 mM LiCl and grown for 4 d. White lines indicate root tip position at the time of transfer. (F) and (G) aha2-4 partially suppresses the long hypocotyl (F) and LiCl hypersensitivity (G) phenotypes of StrepII-SAUR19 seedlings. Values represent sample means 6 SD (n $ 15). Inset: a-SAUR19 immunoblot confirming equivalent levels of StrepII-SAUR19 protein. For (F), all means are significantly different (P < 0.01) from one another by one-way ANOVA. For (G), asterisk indicates significant difference (P < 0.01) from Col control. (H) Right: Increased C-terminal phosphorylation of PM H + -ATPases in GFP-SAUR19 and StrepII-SAUR19 seedlings. Levels of Thr-947-phosphorylated AHA proteins as monitored by GST-14-3-3 binding or a-Thr 947P immunoblotting. Separate blots were used for the two experiments. Left: Plasma membranes prepared from untreated or FC treated (30 min) seedlings. Sample in the first lane was subjected to in vitro dephosphorylation (Hayashi et al., 2010) . (I) Relative vanadate-sensitive ATP hydrolytic activity in plasma membrane fractions prepared from 6-d-old etiolated seedlings. Values represent the means 6 SD obtained from three biological replicates. Asterisks indicates significant difference from Col as determined by one-way ANOVA (**P < 0.01; *P < 0.05). (J) FC promotes hypocotyl elongation of Col but not SAUR19 overexpressing seedlings. Three-day-old seedlings were transferred to media containing 1 mM FC and grown an additional 3 d. Asterisks indicate significant effect of FC as determined by one-way ANOVA (P < 0.01). Figure  1H , right). To further confirm the validity of the phosphorylation increase observed in the SAUR19 samples by far-western assays, we obtained the previously described Thr-947 phospho-specific antibody (Hayashi et al., 2010) . Immunoblot analysis with the a-Thr 947P antibody also detected increased C-terminal phosphorylation of PM H + -ATPases in both GFP-and StrepII-SAUR19 membranes ( Figure 1H ). To test whether this increase in phosphorylation might be an indirect consequence of constitutive SAUR19 overexpression, we repeated this assay using seedlings expressing an inducible GFP-SAUR19 transgene. Increased 14-3-3 binding was apparent with inductions as short as 4 h (Supplemental Figure 1G ). To directly assess PM H + -ATPase activity, we measured the vanadate-sensitive ATP hydrolytic activity present in plasma membrane fractions prepared from Columbia (Col), GFP-SAUR19, and StrepII-SAUR19 seedlings. Compared with Col plasma membranes, membranes prepared from SAUR19 overexpression lines displayed a 20 to 35% increase in ATPase activity ( Figure 1I) .
The above findings demonstrate that PM H + -ATPases are constitutively active in SAUR19 overexpression seedlings. We therefore hypothesized that unlike wild-type seedlings, the SAUR19 overexpression lines would not exhibit hypocotyl elongation in response to fusicoccin. Indeed, whereas 1 mM FC promoted greater than a 2-fold increase in Col hypocotyl growth, both GFP-and StrepII-SAUR19 seedlings were unaffected ( Figure 1J ). The ost2-2 mutant also exhibited a diminished response to FC treatment. Similar findings were obtained when we examined indole-3-acetic acid (IAA) promotion of hypocotyl elongation (Supplemental Figure 1H ).
SAUR Proteins Negatively Regulate PP2C-D Phosphatase Activity
Yeast two-hybrid screens with SAUR19 identified three members of the nine-member D-clade of PP2Cs ( Figure 2A ). A search of the Arabidopsis Interactome AI-1 database (Arabidopsis Interactome Mapping Consortium, 2011) identified four additional SAUR proteins (SAUR9, 38, 40, and 72) that also interact with D-clade PP2Cs (Supplemental Figure 2A) . While little is known about the function of D-clade phosphatases, the expression of PP2C-D1 is induced by auxin (Nemhauser et al., 2006) . Additionally, most D-clade PP2Cs contain a predicted membrane spanning domain (Schweighofer et al., 2004) .
To begin to characterize the PP2C-D1 protein, we raised antibodies against a recombinant 6xHis-PP2C-D1 fusion protein. Immunoblot analysis with this antibody detected a 45-kD band in wild-type extracts. This band was absent in extracts prepared from pp2c-d1 mutant seedlings (SALK_099356) and increased in extracts prepared from seedlings expressing a Pro35S:PP2C-D1 transgene (Supplemental Figure 2B ). To investigate whether the PP2C-D1 protein is associated with the plasma membrane, we used this antibody to analyze fractionated extracts by immunoblotting. Like PM H + -ATPases and SAUR19, strong enrichment of the PP2C-D1 signal was observed in the plasma membrane-enriched fraction ( Figure 2B ). In contrast, the endoplasmic reticulum-associated protein SEC12 was highly enriched in the "other membrane" fraction.
To further validate the SAUR19/PP2C-D1 two-hybrid interaction, we conducted coimmunoprecipitation assays using solubilized microsomal extracts prepared from either GFP-SAUR19 or GFP-SAUR19[35S:PP2C-D1] seedlings. GFP-SAUR19 was observed in a-PP2C-D1 precipitates but not in control reactions using the preimmune sera ( Figure 2C ). Introduction of a 35S:PP2C-D1 transgene resulted in a strong increase in both PP2C-D1 levels and the amount of GFP-SAUR19 that coimmunoprecipitated, suggesting that PP2C-D1 abundance may be limiting. 
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We next examined the possibility that SAUR19 binding regulates PP2C-D1 activity. In in vitro phosphatase assays employing the chromogenic substrate p-nitrophenylphosphate (pNPP), recombinant PP2C-D1 exhibited phosphatase activity. This activity was reduced by the addition of GST-SAUR19, but not GST alone ( Figure 3A ). SAUR19 inhibition of PP2C-D1 occurred independent of substrate concentration ( Figure 3B ). While the K m was unaffected by the addition of GST-SAUR19, a 2-fold reduction in V max was observed, consistent with a noncompetitive mode of inhibition ( Figure 3C ). GST-SAUR19 inhibition of PP2C-D1 activity saturated at ;50% (Supplemental Figure 2C ). Given that Arabidopsis encodes 79 SAUR proteins and nine D-clade PP2Cs, we examined the possibility that other SAUR/PP2C-D combinations might display stronger inhibition. Indeed, SAUR9 inhibited PP2C-D1 to a much greater extent than SAUR19, with SAUR40 and SAUR72 exhibiting comparable inhibition. Additionally, other PP2C-D family members displayed distinct regulatory interactions with the different SAUR proteins tested ( Figure 3D ). While some level of inhibition was apparent for nearly all SAUR/PP2C-D combinations tested, none of the SAUR proteins affected phosphatase activity of the wellcharacterized A-clade PP2C, ABI1. Furthermore, activities of neither the E-clade PP2C At3g06270 nor the PPP-phosphatase PP7 were inhibited by SAUR9. The negative regulation of PP2C-D activity by SAUR binding is reminiscent of the PYR/PYL/RCAR family of abscisic acid (ABA) receptors and their inhibition of several A-clade PP2Cs (Ma et al., 2009; Park et al., 2009 ). However, whereas the ABA receptors require ligand binding to interact with PP2Cs, we observed no such effect of the addition of auxin to assays examining SAUR19/PP2C-D interactions (Supplemental Figure 2D online).
PP2C-D1 Negatively Regulates PM H + -ATPase Activity
Prior biochemical studies have suggested that Thr-947 of PM H + -ATPases is dephosphorylated by a plasma membraneassociated Mg 2+ /Mn 2+ -dependent phosphatase (Hayashi et al., 2010) . PP2Cs are distinguished from other phosphatases by their requirement for divalent cations (Cohen, 1989) . We therefore tested the ability of PP2C-D1 to regulate the PM H + -ATPase encoded by AHA2 by expressing these proteins in yeast. In strain RS-72, the endogenous yeast H + pump, PMA1, is under control of the GAL1 promoter; therefore, cells are only viable when grown on galactose media (Fuglsang et al., 1999 (Fuglsang et al., , 2007 . When AHA2 is expressed in this strain, Thr-947 is phosphorylated by an endogenous kinase, enabling AHA2 to complement P GAL1 :PMA1 and restore growth on glucose media (Fuglsang et al., 1999) . However, when we coexpressed PP2C-D1 with AHA2, RS-72 was again unable to grow on glucose, demonstrating that PP2C-D1 negatively regulates AHA2 function ( Figure 4A ). To test whether PP2C-D1 phosphatase activity is required for this inhibition, we used site-directed mutagenesis to introduce a D 276 N mutation within the highly conserved metal binding domain (Das et al., 1996) . In vitro phosphatase assays confirmed that this mutation abolished PP2C-D1 activity (Supplemental Figure 3A) . When coexpressed with AHA2 in RS-72 cells, the phosphatase-dead pp2c-d1 D276N had no effect on the ability of AHA2 to support growth on glucose media, demonstrating that phosphatase activity is required for PP2C-D1 inhibition of AHA2 function ( Figure 4A ). a-PP2C-D1 immunoblot analysis of yeast extracts confirmed that the wild-type and D 276 N derivative were expressed at similar levels (Supplemental Figure 3B) . We also attempted to reconstitute the entire AHA2/PP2C-D1/SAUR regulatory circuit in yeast. However, we observed very poor expression of both SAUR19 and SAUR9 in this heterologous system, which prevented us from testing the possibility that SAURs can reverse the effects of PP2C-D1 on AHA2 function in yeast.
To determine if PP2C-D1 negatively regulates AHA2 in yeast by dephosphorylating Thr-947, we isolated yeast plasma membranes and subjected them to both 14-3-3 far-western gel blot analysis and ATP hydrolysis assays. A striking reduction in Thr-947 phosphorylation was apparent in membranes prepared from cells coexpressing PP2C-D1 ( Figure 4B ). Furthermore, this reduction in Thr-947 phosphorylation correlated with a reduction in vanadate-sensitive ATPase activity. Together, these findings demonstrate that when expressed in yeast, PP2C-D1 negatively regulates AHA2 by dephosphorylating Thr-947.
To examine the specificity of PP2C-D1 inhibition of AHA2 activity in yeast, we constructed additional phosphatase expression clones that we coexpressed with AHA2 in RS-72. Like PP2C-D1, PP2C-D5 also inhibited AHA2 ( Figure 4C ). However, expression of either At1g43900 (an F-clade PP2C) or PP7 (a PPP-type phosphatase) did not prevent AHA2 from supporting growth on glucose media.
We also used the yeast system to establish an in vitro phosphatase assay to examine SAUR regulation of PP2C-D1 activity against AHA2. Plasma membrane fractions were prepared from RS-72 expressing AHA2. When recombinant PP2C-D1 was 
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The Plant Cell added to these membrane fractions, Thr-947 was completely dephosphorylated within 10 min ( Figure 4D ). We therefore tested the ability of SAUR9, which displayed the strongest inhibitory activity in our pNPP assays, to inhibit PP2C-D1-mediated dephosphorylation of AHA2. Addition of a 3-fold molar excess of recombinant 6xHis-SAUR9 largely abolished PP2C-D1-mediated dephosphorylation of Thr-947. The slight reduction in phosphorylation that is apparent at 10 min is likely due to an endogenous phosphatase activity present in the membrane fractions, as this was also observed in mock reactions ( Figure 4D, lane 3) . To obtain in planta support for the hypothesis that PP2C-D1 regulates PM H + -ATPase activity, we tested the possibility that PP2C-D1 and AHA2 can interact with one another in a bimolecular fluorescence complementation assay (Ohad et al., 2007) . When cotransformed into Nicotiana benthamiana leaves, a strong plasma membrane-localized yellow fluorescent protein (YFP) signal was observed with AHA2 and PP2C-D1 split YFP constructs ( Figure 4E ). In contrast, neither AHA2 nor PP2C-D1 interacted with AUX1 split YFP constructs. Immunoblot analysis confirmed that the AUX1 split YFP constructs were indeed expressed in tobacco (Supplemental Figure 4) . Thus, PP2C-D1 and PM H + -ATPases can interact at the plasma membrane in plants.
Genetic Analysis of PP2C-D Function
To examine potential roles for D-clade PP2Cs in plant growth and development, we analyzed T-DNA insertion alleles of eight of the nine PP2C-D genes. All eight single mutants exhibited no obvious defects in growth and development, suggesting functional redundancy. However, detailed inspection of these lines did reveal phenotypic similarities with SAUR19 overexpression seedlings, albeit weaker than GFP-SAUR19 controls. First, pp2c-d5 seedlings exhibited a slight increase in hypocotyl length (Supplemental Figure 5) . Due to likely functional redundancy, higher order pp2c-d mutant combinations may result in stronger phenotypes. Consistent with this notion, pp2c-d1 pp2c-d2 double mutants displayed a long hypocotyl phenotype that was not apparent in either single mutant (Supplemental Figure 5) . Second, like GFP-SAUR19 (Spartz et al., 2012) , etiolated pp2c-d1 seedlings exhibited reduced apical hook maintenance ( Figure 5A ), and introduction of the pp2c-d2 mutation enhanced the apical hook defect of pp2c-d1. Although subtle, these phenotypes are consistent with PP2C-D phosphatases acting in an antagonistic manner to SAUR19.
To circumvent the likely functional redundancy of PP2C-D family members, we designed an artificial microRNA construct to target the D2, D5, D7, D8, and D9 (amiD2/5/7/8/9) family (E) Media acidification around the root system of 9-d-old seedlings. Seedlings were grown for 7 d on ATS media and then transferred to plates containing bromocresol purple for 2 d. For all panels, asterisks indicate significant difference from Col control (one-way ANOVA; *P < 0.05; **P < 0.01).
SAUR Regulation of PM H + -ATPases
7 of 14 members. Quantitative RT-PCR analysis of seedlings homozygous for this construct confirmed that the expression of all target genes was downregulated 3-to 10-fold, whereas nontargeted family members were largely unaffected ( Figure 5B ). Two independent lines expressing the amiD2/5/7/8/9 construct exhibited significant increases in hypocotyl length ( Figure  5C ). Furthermore, these lines also exhibited increases in LiCl sensitivity and media acidification ( Figures 5D and 5E ), suggesting that like SAUR19 gain-of-function plants, reductions in PP2C-D function result in elevated PM H + -ATPase activity. As an alternative genetic approach for probing PP2C-D function, we generated transgenic plants overexpressing PP2C-D1 from the cauliflower mosaic virus 35S promoter. PP2C-D1 overexpression conferred a dwarf phenotype, with striking reductions in leaf size and petiole length ( Figure 6A ). In seedlings, hypocotyl length was significantly diminished in both dark-and light-grown seedlings ( Figures 6B and 6C) . Unlike PP2C-D1 overexpression, plants overexpressing the A-clade PP2C HAB1 (Figures 6B and 6C ; Saez et al., 2004) or the PPP-phosphatase PP7 (Supplemental Figures 6A to 6C online; Liu et al., 2007; Sun et al., 2012) did not exhibit these reduced growth phenotypes. Reciprocally, whereas 35S:HAB1 seedlings exhibited a strong ABA resistance phenotype, 35S:PP2C-D1 seedlings displayed ABA sensitivity comparable to wild-type seedlings (Supplemental Figure 6D) .
The reduction in hypocotyl length resulting from PP2C-D1 overexpression was the result of diminished cell expansion, as hypocotyl epidermal cells were ;2.5-fold shorter than observed in wild-type Col control seedlings ( Figure 6D ). These reduced growth phenotypes conferred by PP2C-D1 overexpression are in direct contrast to the increased growth phenotypes resulting from overexpression of stabilized SAUR19 derivatives (Spartz et al., 2012) . Additionally, whereas GFP-SAUR19 root growth was hypersensitive to LiCl, seedlings overexpressing PP2C-D1 were highly resistant ( Figure 6E ).
Since we found that PP2C-D1 can negatively regulate AHA2 activity in yeast ( Figure 4A ), dephosphorylate AHA2 in vitro ( Figure 4D ), and interact with AHA2 in plants ( Figure 4E) , we examined PM H + -ATPase C-terminal phosphorylation status in seedlings overexpressing PP2C-D1. A clear reduction in Thr-947 phosphorylation was observed by both far-western gel blot and a-Thr 947P immunoblots of PP2C-D1 overexpression extracts ( Figure 6F ). When assayed for vanadate-sensitive ATPase activity, plasma membrane fractions prepared from 35S:PP2C-D1 seedlings exhibited approximately a 35% reduction in ATP hydrolytic activity compared with wild-type membranes ( Figure 6G ). Thus, as seen when heterologously expressed in yeast, PP2C-D1 can negatively regulate AHA function in plants.
If the growth defects conferred by PP2C-D1 overexpression are a direct consequence of reduced C-terminal phosphorylation of PM H + -ATPases, we reasoned that FC treatment might rescue these phenotypes. Indeed, 1 mM FC restored the hypocotyl length of 35S:PP2C-D1 seedlings to wild-type levels ( Figure 6H, bottom) . Furthermore, FC strongly promoted Thr-947 phosphorylation in PP2C-D1 overexpression seedlings ( Figure 6H, top) . This suggests that the reduction in PM H + -ATPase phosphorylation resulting from PP2C-D1 overexpression is due to increased dephosphorylation activity as opposed to PP2C-D1 indirectly regulating Thr-947 phosphorylation by inhibiting the kinase(s) that phosphorylate this residue.
The above studies indicate that SAUR19 and PP2C-D proteins act in an antagonistic manner to regulate plant growth. To test this notion further, we introduced the 35S:PP2C-D1 transgene into the GFP-SAUR19 background. PP2C-D1 overexpression completely suppressed the long hypocotyl and LiCl hypersensitivity phenotypes of GFP-SAUR19 seedlings ( Figures  7A and 7B) . Furthermore, in 14-3-3 far-western gel blot assays, PP2C-D1 overexpression suppressed the increased PM H + -ATPase C-terminal phosphorylation conferred by GFP-SAUR19 ( Figure 7C ). Suppression of these phenotypes occurred posttranscriptionally, as GFP-SAUR19 transcript levels were comparable to the GFP-SAUR19 parental line (Supplemental Figure  7) . Thus, the finding that PP2C-D1 overexpression can suppress SAUR19 overexpression phenotypes strongly supports the antagonistic relationship indicated by our enzymatic assays and genetic studies.
DISCUSSION
SAUR genes are present as large gene families in both higher and lower plants. While these genes have been used extensively as markers for auxin-inducible gene expression, their function in plant growth and development has remained elusive. However, recent genetic studies have implicated SAURs as positive effectors of cell expansion (Franklin et al., 2011; Chae et al., 2012; Spartz et al., 2012; Kong et al., 2013; Stamm and Kumar, 2013) . In this study, we describe a mechanism by which SAUR proteins promote cell expansion and plant growth. The genetic, molecular, and biochemical findings presented above suggest that SAUR proteins negatively regulate PP2C-D phosphatases to modulate PM H + -ATPase activity ( Figure 7D ). In response to auxin, SAUR gene expression is rapidly induced, resulting in inhibition of PP2C-D phosphatases. This decrease in PP2C-D activity shifts PM H + -ATPases toward the C-terminally phosphorylated, active state, which promotes cell expansion via an acid growth mechanism. Auxin has long been implicated in PM H + -ATPase activation (Cleland, 1976) . However, the molecular components connecting auxin signaling to pump activation have remained elusive. Our findings demonstrate that SAUR proteins are intimately involved in this process, as the expression of stabilized SAUR fusion proteins phenocopies the constitutively active ost2-2 mutant and results in increases in both the phosphorylation of a key regulatory phosphosite (Thr-947) and the enzymatic activity of PM H + -ATPases. Furthermore, the loss-of-function aha2-4 mutation significantly attenuates the phenotypes of StrepII-SAUR19 seedlings, demonstrating that SAUR19 overexpression phenotypes require PM H + -ATPase activity.
Using an excised Arabidopsis hypocotyl system, Takahashi et al. (2012) recently demonstrated that auxin rapidly induces phosphorylation on Thr-947 of AHA proteins. This phosphorylation increase occurred within 10 min of IAA treatment and was not blocked by either anti-auxin treatment or mutation of the TIR1 and AFB2 auxin receptor genes, leading the authors to suggest that IAA promotes AHA phosphorylation independent of gene expression. A second study employing Arabidopsis suspension cells also detected increased phosphorylation of this residue up to 6 h after IAA treatment, suggesting that H + -ATPase activation may persist for several hours (Chen et al., 2010) . Previous physiological studies characterizing auxinmediated growth of excised plant tissues have described a biphasic growth response: a rapid elongation phase occurring within minutes of auxin treatment, followed by a secondary elongation phase that clearly requires auxin-induced gene expression (Vanderhoef et al., 1976a (Vanderhoef et al., , 1976b . The above model is only consistent with SAURs promoting this secondary response. However, one possibility is that SAUR activity as well as expression is regulated by auxin. If so, when coupled with the unstable nature of SAUR proteins, a biphasic growth response would result: rapid growth resulting from auxin activation of existing SAUR proteins, which are quickly degraded, followed by a secondary growth phase resulting from auxin-induced expression of SAUR genes. How auxin might regulate SAUR protein activity remains a topic for future study. However, the fact that auxin had no effect on SAUR19/PP2C-D1 interactions suggests that it does not bind directly. Given prior findings suggesting a role for AUXIN BINDING PROTEIN1 (ABP1) in promoting cell expansion (Jones et al., 1998) and H + -ATPase activation (Barbier-Brygoo et al., 1989; Ruck et al., 1993) , it is tempting to speculate that ABP1-mediated signaling may be involved. This possibility is particularly attractive give recent findings that ABP1 signaling is mediated by the TMK family of receptor-like kinases, as tmk mutants exhibit dramatic cell expansion defects (Dai et al., 2013; Xu et al., 2014) . Alternatively, SAUR proteins may specifically mediate the delayed IAAinduced elongation response by sustaining H + -ATPase activation via the attenuation of phosphatases that dephosphorylate and inactivate the H + pump. Our finding that SAUR proteins interact with and inhibit members of the PP2C-D clade of type 2C phosphatases is consistent with this possibility.
Our biochemical, genetic, and functional studies of PP2C-D genes strongly support the hypothesis that SAURs antagonize these phosphatases to modulate PM H + -ATPase activity and promote plant growth. In addition to the inhibition of PP2C-D enzymatic activity observed in vitro, our genetic and biochemical studies reveal that SAUR19 and PP2C-D1 play opposing roles in regulating both cell expansion and H + -ATPase activity. As is the case for SAUR genes, loss-of-function genetic studies of PP2C-D genes are significantly complicated by apparent functional redundancy within the nine-member PP2C-D family. That said, our analysis of plants expressing an artificial microRNA that partially knocks down the expression of five PP2C-D family members supports our model, as these plants exhibit increases in hypocotyl elongation, media acidification, and lithium hypersensitivity like GFP-SAUR19 plants. Furthermore, we demonstrate that PP2C-D1 can physically interact with AHA2 in planta and can negatively regulate PM H + -ATPase activity both in planta and when heterologously expressed in yeast.
Determining precisely which subset of PP2C-D phosphatases interacts with which SAUR proteins to regulate specific processes is a future challenge. While SAUR19 (Spartz et al., 2012) and SAUR63 (Chae et al., 2012) family proteins are largely associated with the plasma membrane, other SAUR proteins have been reported to be cytosolic or nuclear localized (Knauss et al., 2003; Park et al., 2007; Kant et al., 2009; Kong et al., 2013) . This suggests that these non-PM-associated SAUR proteins may not regulate H + -ATPases similar to SAUR19. However, we speculate that different PP2C-D family members may localize to distinct cellular compartments, and colocalizing SAUR proteins may also regulate the activity of these phosphatases to modulate the activities of additional phosphoproteins.
Lastly, we note that in addition to auxin, the expression of many SAUR genes is induced by other growth-promoting pathways, including brassinosteroids, gibberellin, and the PIF transcription factors (Bai et al., 2012; Oh et al., 2012) . This raises the intriguing possibility that SAUR-mediated activation of PM H + -ATPases via the inhibition of PP2C-D activity may represent a regulatory module that is common to several growth promoting pathways.
METHODS
Plant Materials and Growth Conditions
All plants used in this study are in the Col-0 ecotype with the exception of 35S:PP7-myc, which is in the Wassilewskija ecotype. The ost2-2 and aha2-4 PM H + -ATPase mutants and the 35S:GFP-SAUR19 (line 1-1) and 35S:StrepII-SAUR19 (line 2f) transgenic lines have been previously described (Merlot et al., 2007; Haruta et al., 2010; Spartz et al., 2012) . The Plant Cell were obtained from the ABRC: pp2c-d1/SALK_099356, pp2c-d2/ WsDsLOX493G12, pp2c-d3/SALK_036920, pp2c-d5/GABI_330E08, pp2c-d6/SAIL_171H03, pp2c-d7/SALK_118712, pp2c-d8/SALK_143298, pp2c d9/SALK_026300C. The PP2C-D1 overexpression construct was generated by cloning the PCR-amplified genomic locus from Col plants into pEarleyGate100 (Earley et al., 2006) and subsequently introduced into Col and GFP-SAUR19 plants by Agrobacterium tumefaciens-mediated transformation. The estrogen-inducible GFP-SAUR19 binary vector was generated by Gateway cloning GFP-SAUR19 into pER8-GW. The StrepII-SAUR19 transgene was introduced into the aha2-4 background by crossing. For all root growth assays, seedlings were grown 4 to 5 d on ATS media (Lincoln et al., 1990) containing 10 g/L sucrose. Seedlings were then transferred to ATS plates containing various supplements, and the position of the root tips was marked. Seedlings were grown an additional 4 d and root growth measured. Percentage of inhibition was calculated based on the amount of root growth that occurred on unsupplemented ATS control plates. For media acidification assays, 8-to 12-d-old seedlings were transferred to water-agar plates containing 0.003% bromocresol purple and 30 mM Tris, pH 6.0. Color changes were documented 4 to 48 h after transfer. Apoplastic pH measurements were conducted using the infiltration/centrifugation method as previously described (Cho et al., 2012) . Fluorescence of 8-hydroxypyrene-1,3,6-trisulfonic acid trisodium (Invitrogen) was determined with a Bio-Tek Synergy HT plate reader (excitation = 460 nm) and emission collected at 510 and 530 nm. Apical hook angles were measured from 5-d-old etiolated seedlings as previously described (Willige et al., 2012) . All growth experiments were repeated a minimum of three times.
Statistical Analysis
Differences between control and experimental variants/treatments were analyzed by one-way ANOVA and significance assessed by Dunnett's test.
Yeast Two-Hybrid Screen
The SAUR19 coding sequence was cloned in-frame with the GAL4 DBD of plasmid pBI880. The two-hybrid parent vectors, screening procedure, and Arabidopsis thaliana library have been previously described (Gray et al., 1999) .
Yeast Complementation Assays
Saccharomyces cerevisiae strain 312, pPMA1:pGAL1 ) and the pPMA1:AHA2 expression plasmid pMP1745 have been previously described (Fuglsang et al., 2007) . PP2C-D1, PP2C-D5, PP7, or At1g43900 cDNAs containing NotI linkers were cloned into the NotI site of the pMP1612 expression vector (Fuglsang et al., 2007) . These plasmids or the empty pRS315 or pMP1612 control vectors were introduced into RS-72 by LiAc transformation. Complementation of PMA1 activity was assessed by spotting serial dilutions of cultures grown in SG+His media onto SD+His (pH 6.5) plates, which were then incubated at 30°C for 4 d. The D 276 N mutation within the predicted metal binding domain of PP2C-D1 was introduced by QuikChange mutagenesis (Agilent Technologies).
Far-Western Gel Blot Assays
Plasma membrane fractions were prepared from 4-to 6-d-old seedlings by two-phase partitioning as previously described (Ito and Gray, 2006) , with the exception that 10 mM NaF was included in all protein buffers. Two to five micrograms of plasma membrane proteins were mixed with SDS-PAGE sample buffer, separated by SDS-PAGE, and blotted to nitrocellulose. Far-western gel blot assays were performed as previously described (Hayashi et al., 2010) with the exception that an a-GST-HRP conjugate (GE Healthcare) was used to detect GST-14-3-3 (GF14ø) binding.
ATPase Assays
For ATPase measurements of yeast plasma membranes, RS-72 expressing AHA2 and PP2C-D1 or vector controls were grown to approximately 3 3 10 7 cells/mL in SG+His medium. Cultures were then diluted with 4 volumes of SD+His medium and grown for 4 h. Yeast plasma membranes were isolated by discontinuous density gradient centrifugation as previously described (Panaretou and Piper, 2006) . Final membrane pellets were resuspended in 5 mM HEPES, 3 mM KCl, 0.1 mM EDTA, 330 mM sucrose, 1 mM DTT, and 1 mM PMSF, pH 7.8. Vanadatesensitive ATPase activity was determined in enzymatically coupled assays by measuring the absorbance decrease of NADH at 340 nm (Regenberg et al., 1995) . Two to three micrograms of plasma membranes were added to each reaction and absorbance readings taken every 5 min for a period of 20 min. Three biological replicates were performed.
For ATPase measurements from Arabidopsis, plasma membrane fractions were obtained by two-phase partitioning from 6-d-old etiolated seedlings grown in liquid ATS media. Vanadate-sensitive ATP hydrolytic activity was assessed in a coupled assay (Regenberg et al., 1995) with 0.05% Brij-58 included in the assay buffer (Johansson et al., 1995) . One to two micrograms of plasma membranes were used per assay. Absorbance readings were taken every 2 min over a period of 14 min. Two technical replicates from each of three biological replicates were performed.
Antibodies
GFP monoclonal antibody was purchased from Covance. Polyclonal AHA and Thr 947P sera were generously provided by T. Kinoshita (Nagoya University) and have been previously described (Hayashi et al., 2010) . To generate polyclonal antibodies against PP2C-D1, the PP2C-D1 coding sequence was cloned into the SalI/NotI sites of pET28a (Novagen). The 6xHis-PP2C-D1 fusion protein was purified from BL21(DE3) cells using Ni-NTA agarose (Qiagen) in 6 M urea, 50 mM Tris, pH 7.5, 150 mM NaCl, 0.5% Nonidet P-40, 2 mM DTT, and 1 mM PMSF. The purified protein was subsequently dialyzed overnight in the same buffer with 2 M urea and then used for serum production by standard procedures (Cocalico Biologicals). For coimmunoprecipitation experiments, microsomal fractions prepared from 7-d-old light-grown GFP-SAUR19 or GFP-SAUR19[35S:PP2C-D1] seedlings were solubilized by dilution with 5 volumes PBS containing 1.5% Triton X-100 for 1 h at 4°C, followed by 1 h centrifugation at 20,000g. Four microliters of PP2C-D1 antisera or preimmune sera was incubated with 250 mg solubilized microsomes for 2 h at 4°C, and immune complexes captured with 25 mL Protein A agarose (Thermo). Immune complexes were washed three times with 1 mL PBS containing 1% Triton X-100. Following SDS-PAGE and transfer to nitrocellulose, GFP-SAUR19 and PP2C-D1 proteins were detected by immunoblotting with a-GFP and a-PP2C-D1 antibodies, respectively.
Protein Expression and Phosphatase Assays
GST-PP2C-D, GST-ABI1, At3g06270, and PP7 fusion constructs were made by Gateway recombination (Life Technologies) between pDEST15 (Life Technologies) and donor clones generated either by PCR (Supplemental Table 1 ) or available as cDNAs from the ABRC (D2: G83653, D3:G23137, D4:G67169, D8:G12341, and At3g06270:G23183). 6xHIS-tagged SAUR9, 19, 40, and 72 constructs were made by Gateway recombination into pET32-GW (N. Olszewski) from SAUR donor clones generated by PCR (Supplemental Table 1 ). Construction of GST-SAUR19 has been previously described (Spartz et al., 2012) . Escherichia coli cultures expressing GST-or 6xHIS-tagged SAUR or PP2C proteins were lysed by a French press in lysis buffer (50 mM Tris, pH 7.6, 100 mM NaCl, 2 mM MnCl 2 , 10 mM MgCl 2 , 1 mM EDTA, 1 mM DTT, and 0.25% Triton X-100) and purified with glutathione-agarose or Ni-NTA agarose beads. Free glutathione (15 mM) or 200 mM imidazole was used for elution. For phosphatase assays, 0.2 to 0.3 mM PP2C was preincubated with 0.2 to 1.6 mM SAUR proteins or an equivalent amount of elution buffer for 10 min. Protein mixtures were then added to assay buffer containing 75 mM Tris, pH 7.6, 10 mM MnCl 2 , 100 mM NaCl, 0.5 mM EDTA, and 5 mM pNPP (unless otherwise indicated) to obtain a final volume of 100 mL. Absorbance at 405 nm was recorded every minute up to 20 min on a Powerwave 340 plate reader (Biotek Instruments). A standard curve was generated using 4-nitrophenol, and GraphPad Prism6 (GraphPad Software) statistical analysis software was used to perform nonlinear regression and to calculate V max and K m .
For AHA2 desphosphorylation assays, yeast plasma membranes were isolated from RS-72 cells expressing AHA2 as described above. Membranes were resuspended in 5 mM potassium phosphate, pH 7.8, 3 mM KCl, 0.1 mM EDTA, 330 mM sucrose, 1 mM DTT, 1 mM PMSF, solubilized with 0.1% Triton X-100, and diluted to 0.35 mg/mL. One microliter each of 25 mM MnCl 2 and purified MBP-PP2C-D1 fusion protein (50 ng/mL) in 25 mM Bis-Tris, pH 6.5, 0.3 M NaCl, 10 mM MgCl 2 , and 2 mM MnCl 2 were added to 14-mL diluted plasma membranes, and reactions incubated at 25°C for 0 to 10 min. Where indicated, 6xHis-SAUR9 (or buffer control) was premixed with MBP-PP2C-D1 for 10 min on ice. Reactions were stopped with SDS-PAGE sample buffer, and AHA2 Thr-947 phosphorylation status was assessed by GST-14-3-3 far-western gel blotting as described above.
Quantitative RT-PCR
Primers utilized for assessing gene expression are listed in Supplemental Table 1 . RNA was prepared from 7-d-old light-grown seedlings with the RNAeasy Plant Mini Kit (Qiagen) and included an on-column DNase treatment. Two micrograms of RNA was used for cDNA synthesis with M-MLV reverse transcriptase. Quantitative RT-PCR reactions were performed on the LightCycler System (Roche Applied Sciences) using SYBR Green JumpStart Taq ReadyMix (Sigma-Aldrich). Expression levels were normalized to ACT7, and three biological replicates were performed.
Bimolecular Fluorescence Complementation
Full-length coding sequences lacking stop codons of AHA2, PP2C-D1, and AUX1 were amplified by PCR (Supplemental Table 1 ) and Gateway (Invitrogen) cloned into pENTR/D-TOPO or pDONR207. The cDNA inserts were subsequently recombined into the pSPYNE and pSPYCE (Walter et al., 2004) destination vectors using Gateway LR Clonase II Enzyme Mix (Invitrogen) to generate BiFC expression constructs. Binary vectors were introduced into Agrobacterium strain GV3101 (with the pMP90 helper plasmid) by electroporation. Bimolecular fluorescence complementation assays to visualize protein interactions were performed in a tobacco transient expression system (Schütze et al., 2009) . Confocal microscopy was performed with a Nikon A1 spectral confocal microscope.
Artificial MicroRNA Construction
The artificial microRNA designer within the online WMD interface (Schwab et al., 2006; Ossowski et al., 2008) was used to design an artificial microRNA targeting PP2CD2, D5, D7, D8, and D9 (see Supplemental  Table 1 for primers). The D2/5/7/8/9 amiRNA was generated in the mi319a backbone of pRS300 (Ossowski et al., 2008) and subsequently introduced as a KpnI-SpeI fragment behind the 35S promoter of pMDC44.
Accession Numbers
Arabidopsis Genome Initiative locus identifiers for the genes mentioned in this study are as follows: SAUR19 (At5g18010), SAUR9 (At4g36110), SAUR40 (At1g79130), SAUR72 (At3g12830), ABI1 (At4g26080), PP2C-D1 (At5g02760), PP2C-D2 (At3g17090), PP2C-D3 (At3g12620), PP2C-D4 (At3g55050), PP2C-D5 (At4g38520), PP2C-D6 (At3g51370), PP2C-D7 (At5g66080), PP2C-D8 (At4g33920), PP2C-D9 (At5g06750), AHA1 (At2g18960), AHA2 (At4g30190), AUX1 (At2g38120), PP7 (At5g63870), and HAB1 (At1g72770).
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